K idney transplantation, particularly from a living donor, is the treatment of choice for most patients with end-stage renal disease (ESRD). 1 The superior results achieved with kidney transplantation from living donors have resulted in an increase in this method of transplantation. 2 The life expectancy of kidney donors appears to be similar to that of nondonors or perhaps even longer, as suggested by one study. 3 However, at least two reports have described donors in the United States who were subsequently placed on the waiting list for kidney transplantation. 4, 5 Although the risk of ESRD among donors does not appear to be increased, and although crosssectional studies have reported no major elevations in serum creatinine levels for up to 30 years after donation, [6] [7] [8] [9] [10] such studies estimated the glomerular filtration rate (GFR) from the serum creatinine concentration, and the length of the follow-up period and the number of subjects studied were relatively limited. The present study ascertained vital status and the risk of ESRD in a large number of kidney donors and compared their health status with that of controls. To overcome the limitations of previous studies, kidney function was formally assessed by measurement of the GFR and urinary albumin excretion in 255 donors who had donated kidneys 3 to 45 years before the study began.
Me thods

Study Population
From November 1963 through December 2007, a total of 3698 nephrectomies in living donors were performed at the University of Minnesota. Potential donors had to be free from diabetes and hypertension and have a GFR greater than 80 ml per minute per 1.73 m 2 of body-surface arearequirements that reflect the practice at most transplantation centers. Donors provided a complete history and underwent a physical examination, as well as renal and vascular imaging. They underwent a comprehensive laboratory assessment to rule out liver disease, active infections, and systemic illnesses. No potential donor with any albuminuria (defined as a urinary albumin-tocreatinine ratio of >0.02 on more than one occasion) was accepted.
We ascertained the vital status of donors as of December 31, 2007 , with the use of the payment records of the Social Security Administration Death Master File. A person is included in this file if his or her lump-sum benefit was paid as a result of a request from a family member, an attorney, or a mortuary. The presence of ESRD was ascertained through reports by the recipients and donors themselves.
In December 2003, we initiated a comprehensive effort to contact all persons who had donated a kidney after November 1963. We consulted telephone and internet directories and asked recipients for their specific donor's contact information. We asked the donors we located to provide us with updates on their health status and to report the results, if available, of urinalysis and serum creatinine testing. At the beginning of this effort in 2003, we generated lists of donors who were known to be alive (as of December 2003) and stratified them according to sex and the number of years since donation (in 3-year intervals). A random starting point within each stratified list was used to generate random numbers to select 5 to 10% of donors (a total of 185 to 370) from each stratum who would be asked to undergo measurements of the GFR. Eighty percent of the donors who were designated in this way were successfully contacted, and 255 donors underwent measurement of the GFR. If the selected donor refused to participate, the same method was used to contact a new donor from the same stratum. Therefore, all donors who underwent measurement of the GFR, by design, had donated a kidney in the year 2000 or earlier. All studies were approved by the institutional review board at the University of Minnesota, and all participants provided written informed consent.
The GFR was determined on the basis of the plasma clearance of nonradioactive iohexol, and the urinary albumin excretion rate was calculated according to the ratio of albumin to creatinine in an early-morning urine sample 11 (see the Supplementary Appendix, available with the full text of this article at NEJM.org). Blood pressure was measured three times while the donor was seated, and the mean value was recorded. We considered hypertension to be present when a donor required antihypertensive medications or when a donor who was not taking antihypertensive drugs had average blood-pressure readings above 140/90 mm Hg. At the time the GFR was measured, Categorical variables are presented as percentages, and continuous variables as means and standard deviations. We compared survival probabilities for kidney donors with those for the general population, using life tables from the Human Mortality Database, which combines data regarding survival and death rates from the National Center for Health Statistics with data from other sources. 14 Expected survival probabilities were calculated separately according to sex in 1-year calendar intervals. For donors who were 40 years of age at the time of donation in 1990, the expected death rate in the first year would be the rate for people in the general population who were 40 years old in 1990, and the expected rate in the second year would be the rate for people in the general population who were 41 years old in 1991; this process was updated annually. The rate of ESRD in the general population was obtained from the 2007 annual data report of the United States Renal Data System. 1 Since the majority of donors were white, we used the overall adjusted incidence rate for whites as of 2005 -268 cases per 1 million persons per year.
Analyses of survival and ESRD were post hoc, and all the visits for determination of the GFR, as well as analyses related to quality of life, were prespecified. Albumin-to-creatinine ratios were logarithmically transformed. We fitted logisticregression models using a backward selection method for a GFR of less than 60 ml per minute per 1.73 m 2 , albuminuria (microalbuminuria and macroalbuminuria were combined), and hypertension, with covariates of age, age at the time of donation, sex, time since donation, systolic blood pressure, diastolic blood pressure, bodymass index, smoking status, and baseline GFR, estimated with the use of the Modification of Diet in Renal Disease (MDRD) study equation. For inclusion in the logistic-regression models, P values of less than 0.10 were considered to indicate statistical significance; for all other analyses, P values of less than 0.05 were considered to indicate statistical significance. We used a paired t-test to compare the GFR, systolic and diastolic blood pressure, and albumin-to-creatinine ratio in donors who underwent repeated measurements. We used SAS software, version 9.1 (SAS Institute), and the R statistical package for all analyses.
Donors in whom the GFR was measured were compared with matched controls; the controls were subjects from the National Health and Nutrition Examination Surveys (NHANES) of 2003-2004 and 2005-2006 for whom data on fasting morning laboratory tests were available. 15 Probability-based methods are used in NHANES to generate a study sample that is representative of the noninstitutionalized population of the United States. For this analysis, donors were matched with NHANES controls in a 1:1 ratio on the basis of age (in 1-year increments), sex, race or ethnic group, and body-mass index (the weight in kilograms divided by the square of the height in meters) at the time of the measurement of GFR (>30 vs. ≤30). A similar analysis was carried out among donors who had donated a kidney more than 20 years earlier to compare those in whom the GFR was measured (55 donors) with those in whom the GFR was not measured but for whom laboratory results and health status updates were available (1035 donors).
The SF-12 and SF-36 scores were summarized as a physical-health summary score and a mentalhealth summary score, with the use of the algorithms and the U.S. population norms provided in the SF-12 and SF-36 manuals, respectively. 12, 13 The values for the physical-health summary and the mental-health summary were standardized as T scores (with a mean [±SD] of 50±10). Age-and sex-adjusted difference scores for the physicalhealth summary and the mental-health summary were calculated by subtracting the norm for the relevant sex-by-age group from the observed T score. T scores and adjusted differences from the SF-36 and SF-12 were then pooled for analyses. One-sample, two-tailed z tests were used to compare the mean standardized T scores for the physical-health and mental-health summaries with the normative reference mean of 50. Pearson correlations were used to estimate associations between the SF-36 and SF-12 adjusted-difference summary scores and time since donation. All reported P values are two-sided and are not adjusted for multiple testing. 
R esult s
Survival
As of December 31, 2007 , a total of 3404 of the 3698 donors were documented as being alive, 268 were documented as having died, and 26 were foreign nationals whose vital status was unknown. A total of 196 donors died before the initiation of this study, and 72 died during the study period (December 2003 through December 2007). The cause of death was unknown for 162 donors; among the remaining 106, cardiovascular disease accounted for 30% of all deaths. Excluding donors who were foreign nationals, the survival of donors appeared to be similar to that of the controls in the general population, but survival could not be formally compared, since life tables from the National Center for Health Statistics do not provide confidence intervals for the probability of survival in the general population ( Fig. 1 ).
Risk of ESRD
ESRD that necessitated dialysis or transplantation developed in 11 donors 22.5±10.4 years after donation; 7 of the donors were women and 8 were white. All of the donors had donated kidneys to relatives, 7 of whom were siblings. The causes of ESRD in the recipients of kidneys from these 11 donors were type 1 diabetes (4 recipients), hypertension (2), glomerulonephritis (2), obstructive uropathy (1), hemolytic-uremic syndrome (1), and interstitial nephritis (1) . Three of the 11 donors had the same cause of ESRD as their sibling recipients: hemolytic-uremic syndrome (1 donor), hypertension (1) and glomerulonephritis (1) . The causes of ESRD in the other 8 donors were hypertension (2 donors), renal-cell carcinoma (1), scleroderma (1), and unknown (4) . A measurement of the serum creatinine level for 232 donors who had died was available 1 to 10 years before their death. The mean level was 1.2±0.2 mg per deciliter (107±18 μmol per liter). No donors who had died had reported needing dialysis or a transplantation in our multiple contacts with them. Therefore, the estimat ed incidence of ESRD in donors would appear to be 180 per million persons per year, as compared with the overall adjusted incidence rate of 268 per million persons per year in the white population of the United States.
GFR and Urinary Protein Excretion
We were able to contact 2949 of the 3404 donors who were known to be alive as of December 31, 2007 . At the beginning of this effort in 2003, a total of 3162 kidney donations from living donors had been performed; 2199 of the donors consented to give health status updates and report laboratory results. Of these 2199 donors, 255 (who represented 6.9% of the entire donor pool, 11.6% of those contacted, and 14.3% of the 1785 donors who were invited to undergo measurement of iohexol GFR) agreed to return for formal measurement of GFR.
The mean age of donors who underwent formal evaluation was 41.1±11.0 years at the time of donation and 53.2±10.0 years at the time that measurement of iohexol GFR was performed; 61.6% of the donors were women, and 98.8% were white. From the time of donation, 12.2±9.2 years had elapsed; 43.1% of the donations had occurred more than 10 years before. The 255 donors who returned for measurement of the iohexol GFR were older than the 3443 donors who did not (41.1±11.0 vs. 38.4±11.7 years, P<0.001), and they had donated more recently (13.7±9.2 vs. 16.3±11.0 years earlier, P<0.001); the two groups were otherwise similar.
The mean serum creatinine level at the time of donation was 0.9±0.2 mg per deciliter (88±74 μmol per liter); the GFR (as estimated from the MDRD study equation) was 84.0±13.8 ml per minute per 1.73 m 2 . At the time, the iohexol GFR was measured (12.2±9.2 years after donation), the mean serum creatinine level was 1.1±0.2 mg per deciliter (98±19 μmol per liter), and the estimated GFR was 63.7±11.9 ml per minute per 1.73 m 2 .
The estimated GFR at the time of the measurement of the iohexol GFR was 76±12% of the estimated GFR at the time of donation. A younger age at the time of donation, a longer time since donation, and a higher estimated GFR at the time of donation were associated with a greater compensatory increase in the estimated GFR in the remaining kidney. The majority of the donors in whom the GFR was measured (85.5%) had an iohexol GFR that was greater than 60 ml per minute per 1.73 m 2 ; none had a rate that was less than 30 ml per minute per 1.73 m 2 . A longer time since donation was associated with a higher iohexol GFR but also with a higher albumin excretion rate (Fig. 2) . The slope for the relationship between the iohexol GFR and the time since donation was 0.20 (95% confidence interval [CI] , 0.05 to 0.36; P = 0.01), indicating that each year after donation was associated with an increase in the iohexol GFR of 0.20 ml per minute per 1.73 m 2 . Among the 255 donors, 87.3% had normoalbuminuria, 11.5% had microalbuminuria, and only 1.2% had macroalbuminuria. None of the 255 donors had both an iohexol GFR under 45 ml per minute per 1.73 m 2 and albuminuria. Since albuminuria is the hallmark of hyperfiltration damage, we compared the estimated GFR at donation and at the last visit among donors with and those without albuminuria (microalbuminuria or macroalbuminuria). At the time of donation, those in whom albuminuria developed later had a higher baseline estimated GFR, as compared with those in whom albuminuria did not develop, although the difference was not significant (88.4±13.4 vs. 82.6±15.9 ml per minute per 1.73 m 2 , P = 0.08). Among donors in whom iohexol GFR was measured, the rate was 75.7±13.0 ml per minute per 1.73 m 2 in those with albuminuria, as compared with 71.2±11.5 ml per minute per 1.73 m 2 in those without albuminuria (P = 0.04).
The measured iohexol GFR was inversely related to age; there was a decline of 0.49 ml per minute per 1.73 m 2 per year (95% CI, 0.34 to 0.62) in the GFR. Among men, the decline was 0.34 ml per minute per 1.73 m 2 per year (95% CI, 0.14 to 0.55), and in women, 0.60 (95% CI, 0.43 to 0.78).
All 255 donors were invited to return in 3 years for a second measurement of the iohexol GFR, and thus far, none have refused. To date, 38 donors who had donated a kidney 11.7±7.7 years previously have undergone two measurements of 
Hypertension
The mean systolic blood pressure was 122.2±14.9 mm Hg, and the mean diastolic blood pressure was 73.3±9.0 mm Hg. Sixty-three donors (24.7% of those who underwent measurement of the GFR) required antihypertensive medication, and 19 (7.5%) had newly diagnosed hypertension, which was defined as blood pressure higher than 140/90 mm Hg. Among those receiving antihypertensive medications, 19.4% had poorly controlled hypertension. Since higher blood-pressure levels within the normal range are associated with increased cardiovascular risk, 16 we further characterized blood pressure in the 173 donors who were not receiving antihypertensive treatment: 54.6% had a systolic pressure lower than 120 mm Hg, 35.4% a systolic pressure between 120 and 140 mm Hg, and 9.9% a systolic blood pressure higher than 140 mm Hg.
Risk of Reduced GFR, Albuminuria, and Hypertension
The risk of having a GFR lower than 60 ml per minute per 1.73 m 2 was associated with age (odds ratio, 1.15; 95% CI, 1.08 to 1.21; P<0.001), bodymass index (odds ratio, 1.12; 95% CI, 1.02 to 1.23; P = 0.02), and female sex (odds ratio, 3.11; 95% CI, 1.11 to 8.67; P = 0.03). The time since donation and, surprisingly, smoking status were not associated with this risk (Table 1) . However, the time since donation was significantly associated with the development of albuminuria (odds ratio, 1.12, 95% CI, 1.05 to 1.20; P<0.001). Albuminuria was less likely to develop in women. The risk of hypertension increased with age (odds ratio, 1.09; 95% CI, 1.04 to 1.13; P<0.001) and with a higher body-mass index (odds ratio, 1.12; 95% CI, 1.04 to 1.21; P = 0.003).
Health Status and Quality of Life
The current health status of the 255 donors who underwent measurement of iohexol GFR was compared with that of 255 controls from NHANES who were matched for age, sex, race or ethnic group, and body-mass index. 15 Donors had a lower estimated GFR, lower systolic blood pressure, and a lower urinary albumin excretion rate (Table 2) . Hemoglobin, glucose, cholesterol, triglyceride and high-density lipoprotein cholesterol levels were lower in the donors than in the controls. Donors were less likely than controls to be smokers and were less likely to report having received a diagnosis of cancer. Self-reported diabetes and use of antihypertensive medications were similar in the two groups. These patterns in self-reported conditions and laboratory measurements persisted beyond the first 20 years after kidney donation. In 55 donors who had a mea- sured iohexol GFR and had donated a kidney more than 20 years before, the serum creatinine level was 1.1±0.2 mg per deciliter (93±20 μmol per liter), and the iohexol GFR was 74.0±13.8 ml per minute per 1.73 m 2 . As compared with the NHANES controls, these 55 donors had a lower GFR but similar urinary albumin excretion. There was no significant difference in the prevalence of diabetes, use of antihypertensive medications, or cancer between the donors and the controls (Table 3) . To strengthen this comparison, we used data that we obtained from the pool of donors who had donated a kidney more than 20 years before.
There are 1445 such donors, and 1035 responded to our health survey, provided laboratory results, or did both. The findings in this larger group were similar to those in the two other groups ( Table 3) . The physical-health summary score (53.6±7.4) and the mental-health summary score (52.6±7.7) for the 255 donors were significantly above the U.S. population norms (P<0.001 for both comparisons) (Fig. 3A and 3B ). To determine whether donors, who were considered very healthy at the time of donation in order to donate, were "losing ground" over time, age-and sex-adjusted difference scores were plotted according to the time since donation (Fig. 3C and 3D ). The bivariate correlations were small and not significant (physical-health summary score, r = −0.11 [P = 0.10]; mental-health summary score, r = 0.03 [P = 0.69]).
Discussion
Our results indicate that the life span of kidney donors is similar to that of persons who have not donated a kidney. The risk of ESRD does not ap- pear to be increased among donors, and their current health seems to be similar to that of the general population. In addition, their quality of life appears to be excellent. These outcomes may be a direct consequence of the routine screening of donors for important health conditions related to kidney disease at the time of donation. At follow-up, most of the donors in our study had an iohexol GFR higher than 60 ml per minute per 1.73 m 2 ; only 12.7% had albuminuria, and none of the donors with albuminuria had an iohexol GFR lower than 45 ml per minute per 1.73 m 2 .
Moreover, the rate of change in the GFR did not appear to accelerate over time. The prevalences of hypertension and albuminuria in kidney donors were similar to those in controls who were matched for age, sex, race or ethnic group, and body-mass index, even two decades after donation. Uninephrectomy is followed by a compensatory increase in the GFR in the remaining kidney to about 70% of prenephrectomy values. 17 We found that this compensatory increase was higher in donors who were younger at the time of donation. The direct relationship between time since The physical-health and mental-health summary scores, adjusted for age and sex, as compared with population norms, are shown in Panels A and B, respectively. In the case of the physical-health summary score, 40.4% of the scores were below the mean, and 59.6% were above the mean. In the case of the mental-health summary score, 38.0% of the scores were below the mean, and 62.0% were above the mean. The blue lines in Panels A and B represent the population norms. The relationship of the physical-health and mental-health summary scores, adjusted for age and sex, to time since donation is shown in Panels C and D, respectively. The lines in Panels C and D are the regression lines. donation and the GFR may reflect not only a young age at donation but also the assiduous screening for underlying kidney disease that prospective donors undergo, a screening that excludes persons with hypertension or albuminuria. Compensatory hemodynamic changes in some animal models after a reduction of 50% or more in renal mass have been reported to be ultimately deleterious. [18] [19] [20] There has been a concern that kidney donors (who undergo a 50% reduction in renal mass with donation) might have hyperfiltration damage in addition to the normal loss of kidney function with age. 21, 22 Information regarding the long-term renal consequences of reduced renal mass in humans has come mainly from studies of children born with a reduced number of functioning nephrons, reports of focal sclerosis in patients with unilateral renal agenesis, and studies of World War II veterans who lost a kidney as a result of trauma. [23] [24] [25] More relevant to the current study are numerous studies that have examined renal function in kidney donors. [6] [7] [8] [9] [10] Although isolated cases of renal failure have been reported, to our knowledge, no large study has shown evidence of progressive deterioration of renal function. [6] [7] [8] [9] [10] [26] [27] [28] [29] [30] [31] [32] The present analysis suggests that there is no excess risk of ESRD in donors and confirms the view that factors linked to a reduced GFR in donors are the same as those that have been observed in the general population -namely, age and overweight. One might argue that the risk of ESRD among kidney donors should be much lower than the risk in the general population, since donors are screened very carefully. The risk appears to be lower, but hypertension and diabetes (the two most common causes of kidney disease) develop at a similar frequency among donors as in the general population, which probably explains some of the engendered risk.
Our study has certain limitations. By its nature, the study included only a small, though representative, proportion of all kidney donors to date. Only donors with available contact information who are still alive participated in this effort (a rate of one of seven selected donors). Therefore, our analysis is subject to both response and survival bias. Most of our living donors are white, a factor that may also limit the generalizability of our results, though only 14% of living kidney donors in the United States are nonwhite. 5 The use of the MDRD study equation to estimate the GFR for the comparison of current and baseline rates is limited by the fact that this formula was developed in people with a GFR of less than 60 ml per minute per 1.73 m 2 , and the usefulness of the equation above this level is limited. Serum creatinine was calibrated at the time of measurement of the iohexol GFR but not at the time of donation, a factor that may have resulted in imprecise estimates of the change in the estimated GFR after donation.
The most important limitation of our study is the lack of an ideal control group. Our data offer prospective donors information regarding their life span and their risk of ESRD as compared with those of the general population, but it would be even more informative to compare their outcomes with those of sibling controls who were screened for donation and accepted as donors but did not donate a kidney, since kidney donors are carefully screened and are healthier, on average, than general-population controls. An ongoing study sponsored by the National Institutes of Health that includes three large transplantation centers (the University of Minnesota, the Mayo Clinic, and the University of Alabama) will provide information on more than 8000 kidney donors in the next few years (ClinicalTrials.gov number, NCT00608283).
In conclusion, our study indicates that kidney donors have a normal life span, a health status that is similar to that of the general population, and an excellent quality of life; they do not have an excessive risk of ESRD. The majority of donors in our study had a preserved GFR, and their rates of albuminuria and hypertension were similar to those of matched controls.
